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ABSTRACT

Author: Quellhorst, Hannah, E. M.S.
Institution: Purdue University
Degree Received: August 2018
Title: Oxygen Consumption by Grain Storage Pests in Relation to Hermetic Storage Systems and
an Evaluation of Postharvest Management Practices by Smallholder Farmers in Haiti.
Major Professor: Dr. Dieudonne Baributsa

Food security is a serious issue throughout the world. An estimated 700 million people in
developing countries currently lack the food necessary for an active and healthy lifestyle (World
Bank, 1999). Competition with insect pests for food has always been a challenge. An estimated
20-30% of the grain can be lost postharvest due to insect pests alone (Tefera et al., 2011). To
reduce postharvest losses and improve food security, alternative storage solutions are needed to
replace the traditional, and often-ineffective storage methods employed by smallholder farmers.
Hermetic grain storage is an airtight technology that provides a cost effective and insecticide free
pest control option. With the more recent focus on reducing postharvest losses via hermetic
technology, there is a need to investigate the postharvest management practices of smallholder
farmers in new regions where the technology has yet to be introduced, such as in the Americas
and the Caribbean countries. There is also a need to increase our understanding of hermetic
environments and factors that affect their efficacy including insect oxygen consumption, insect
population density and varying temperatures. In Chapter 1, I report the results from a study
investigating the oxygen requirements of Callosobruchus maculatus Fabricius and Plodia
interpunctella Hubner under normal atmospheric conditions. In chapter 2, I report the results
from trials on the effect of high and low temperatures and variable insect population densities on
the survival of C. maculatus during hermetic storage. In chapter 3, I report the results of a survey
on assessing postharvest management practices of smallholder farmers in Haiti.
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INTRODUCTION:
POSTHARVEST LOSSES AND HERMETIC TECHNOLOGY

The issue of food security
Food security is a serious issue throughout the world. An estimated 700 million people in
developing countries currently lack the food necessary for an active and healthy lifestyle (World
Bank, 1999). By 2050 the earth will carry an additional 2 billion souls. They will need an
adequate supply of food. The most obvious way to increase food security now and in the future is
to produce more food or increase crop yields. But new land to be put into production is scarce,
and although there will undoubtedly be improvements in crop genetics and agronomy, this may
not be enough or soon enough to serve the world’s needs. Cereal grains and legumes, such as
maize, beans, rice, and wheat account for 60 – 80% of the daily caloric intake, and serve as
the staple foods in most of the developing countries of the world (Awika, 2011;Kumar and
Kalita, 2017). Unfortunately, these important food crops are lost at all levels of the of value
chain: during production, harvest, processing and handling, storage, marketing and consumption.
One way to increase food availability is to prevent losses. The Food and Agriculture
Organization (FAO) of the U.N. estimates that approximately 1.3 billion tons of food is
wasted/lost each year during postharvest (Gustavasson, et al., 2011). On average, some 20-30%
of the grain produced in developing countries is lost during the postharvest period and the
majority of these losses occur during storage (APHLIS, 2003-2015). In severe cases,
postharvest losses can be as high as 80% of the total production (Kumar and Kalita, 2017).
Clearly, reducing postharvest losses is integral to addressing world hunger and global food
security without requiring more land to be put into production.
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Postharvest losses
One of the major constraints on the supply and value chain development for cereal and
legume crops occurs during storage. Competition with insect pests for food has always been a
challenge. An estimated 20-30% of the grain can be lost postharvest due to insect pests alone
(Tefera et al., 2011). This problem is made worse by the hot and humid environment/climate in
the world’s tropical and subtropical regions. For example, in the Kenyan highlands, insect pests
accounted for 57 percent of the postharvest losses of the maize crop and 90 percent in Zimbabwe
in stored maize (Grisley, 1997). In Ghana it was reported that losses of maize due to insects
could be up to 50% (Kumar and Kalita, 2017). Insect pests accounted for 80%–90% of storage
losses of grains in Togo (Kumar and Kalita, 2017). Callosobruchus maculatus (F.) alone,
caused up to 24% loss in stored legumes in Nigeria (Kumar and Kalita, 2017). In these cases
and many others, insect pests are more important than diseases (Sallam, 1999). Some of the
major insect pests of cereal grains and legumes include the Angoumois grain moth (Sitotroga
cerealella Olivier), the Indian meal moth (Plodia interpunctella Huebner), the lesser grain borer
(Rhyzopertha dominica Frabricius), the larger grain borer (Prostephanus truncates Horn), the
rice weevil (Sitophilus oryzae Linnaeus), the maize weevil (Sitophilus zeamais Motschulsky),
and the cowpea bruchid (Callosobruchus maculatus Fabricius).

The importance of smallholder farmers worldwide
Many of the individuals producing the staple food crops needed for survival are
smallholder farmers. There are approximately 450-500 million smallholder farmers around the
world, accounting for 85% of the world’s farms (Nagayet, 2005). According to the FAO,

3
smallholder farmers produce four fifths of the developing world’s food. Ultimately, as the world
population continues to grow, our success in reducing world hunger and increasing global food
security will come to rest on the fate of smallholder farmers (Harvey et al., 2014).

Reducing postharvest losses with hermetic technology
To reduce postharvest losses and improve food security, alternative storage solutions are
needed to replace the traditional, and often-ineffective storage methods employed by smallholder
farmers. Hermetic grain storage is an airtight technology that provides a cost effective and
insecticide-free pest control option. The hermetic technology restricts gas and moisture exchange
between the internal and external environments. Living organisms that infest the grain, such as
insects and fungi, deplete the available oxygen and cause an increase in carbon dioxide levels
within the storage container (Bern et al., 2013). Bailey (1965) first demonstrated the important
role of low oxygen levels rather than high carbon dioxide, in causing insect mortality (Navarro et
al., 1994). In combination, the lower moisture content of the grain leads to an increase in the
mortality of the insects due to desiccation (Navarro et al., 1994), and the inhibition of fungal
growth and spread throughout the stored crop.

Improving postharvest storage
The Purdue Improved Crop Storage bag (PICS) is an example of a practical hermetic
technology (Murdock et al., 2012). The PICS bag is an airtight technology that consists of two
inner polyethylene liners fitted inside a third outer woven polypropylene sack. Each layer is tied
off separately to create a hermetically sealed environment in which the harvested grain can be
safely stored for years. The PICS triple-bagging technology is currently being used, as an
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alternative to traditional storage practices, in thousands of villages in Africa (Baributsa et al.,
2010). PICS technology has also been used, to a lesser extent, in India, Nepal, and Afghanistan.
PICS bags are not the only hermetic technology available for use. There are single and double
layer bags, plastic drums, grain silos, metal drums, and cocoons (NRI, 2014-2018). There are
also small every-day containers such as glass and plastic bottles that can serve as hermetic
storage for smaller quantities of grain or seed.

The efficacy of hermetic technology
Stored products environments, such as hermetic, are dynamic with many factors that
impact insect pest populations and their survival. Some of these factors include initial insect
density, relative humidity, oxygen content, carbon dioxide content, temperature, and grain
moisture content (Calderon et al., 1990). There may even be variable effects depending on the
insect species, the size of the infestation and the presence of other living organisms. Therefore it
is important to examine a wide variety of major insect pest species of cereal and legume crops
and document as much information as possible in regard to basic insect biology, survivorship,
and population dynamics under hypoxia. Also, is hermetic technology needed in new regions of
the world where it has yet to be distributed widely? Will the technology be successful in solving
postharvest management challenges of smallholder farmers around the world or only farmers in
one area, country or continent? Ultimately, by assessing the postharvest management practices of
smallholder farmers around the world, we can determine the need for the hermetic solution. Also
by assessing oxygen consumption by stored grain pests, namely insects, under hermetic storage
conditions, we can maximize the use of hermetic management strategies across climates and
environmental conditions in the developing world.
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Outline of the two major sections of the thesis
For my thesis work, I investigated several factors that may have an impact on the efficacy
of hermetic storage technology in controlling storage pests of cowpea and maize,
Callosobruchus maculatus and Plodia interpunctella. I investigated the oxygen requirements of
C. maculatus and P. interpunctella during development under normal atmospheric conditions
(Chapter 1). I then investigated the oxygen consumption of C. maculatus under hypoxia with
variable conditions such as high and low temperatures and different insect population densities
(Chapter 2). Finally, I investigated the postharvest management practices of smallholder farmers
in Haiti, a new region, where hermetic technology has yet to be widely disseminated.

 

Oxygen consumption by postharvest insect pests

Chapters 1 and 2: Insect respiration
Callosobruchus maculatus Fabricisus (Coleoptera: Bruchidae) is one of the main
postharvest pests of cowpea beans. C. maculatus can infest up to 100% of the stored grain within
a relatively short time period (3 to 5 months) (Jackai and Daoust, 1986). In Nigeria alone, over
$30 million is lost annually as a result of C. maculatus and its damage to the grain (Jackai and
Daoust, 1986). C. maculatus females oviposit eggs individually to the outer surface of the
cowpea beans. Females can lay over 100 eggs. The larvae chew an entrance hole while still in
the egg and eventually burrow into the seed, then completing development inside the bean
(Jackai and Daoust, 1986).
Plodia interpunctella Hubner (Lepidoptera: pyralidae) is a common pest of many stored
grains such as maize and other stored products. P. interpunctella females oviposit eggs either
singularly or in groups (Rutschky and Calvin, 1990). The females may readily drop eggs onto
grain, without affixing the egg to the individual kernels. A single female may lay up to 400 eggs.
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The larvae hatch in two to fourteen days and often feed on the surface of the grains, leaving fecal
droppings and silken webs (Rutschky and Calvin, 1990).
Hermetic technologies offer a pest control solution for these storage insect pests, like C.
maculatus and P. interpunctella. By investigating the oxygen requirements for storage pests
under normal atmospheric conditions, we can predict the size of the infestation that could survive
in a given volume. This information can then be utilized make these same predictions for specific
hermetic storage technologies. Murdock et al., (2012) measured the oxygen needed for C.
maculatus to develop (egg to adult) and then calculated the population of C. maculatus that could
survive in a PICS bag. Results from my work with P. interpunctella, whose oxygen requirements
have yet to be determined, suggest that this insect pest would also be controlled by hermetic
technology such as PICS bags. It’s also important to understand the effect of factors such as
temperature and insect population density on the oxygen consumption of storage pests of grain
during hermetic storage. This information may lead to the improvement of hermetic technology.
Our results suggest that temperature is more important than the size of the insect infestation, as
high temperatures can increase the insect’s metabolism and thus respiration rate. This results in
the oxygen level within the air-tight environment being depleted rapidly, and thus insect death
occurs.

   Survey of Postharvest management practices in Haiti
Chapter 3. Postharvest management
There is a need to investigate the postharvest management practices of smallholder
farmers in new regions where hermetic technology has yet to be introduced, such as in South
American countries and Caribbean countries. These data will aid in determining the need for
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hermetic technology in these new regions and the potential benefit. By documenting postharvest
management practices in new regions, we are also able to compare practices and challenges
faced by farmers with other smallholder farmers around the world. For this study we
investigated the postharvest management practices of smallholder farmers in Haiti. We
surveyed 214 farmers and received data on: grains produced and stored, grain storage and
drying techniques, pest problems, pesticide usage, and gender roles in agriculture. Our results
suggest that drying is a challenge for the farmers as they lack drying space and the ability to
protect the grain from the rain and high humidity that persists during the harvest and storage
seasons. Insects and rodents were the two most important pests of the grain during storage.
Half of the farmers reported using pesticides to control insects during storage, while nearly
30% said they did nothing to protect their crops. Farmers are in need of capacity building and
better storage technology to prevent losses.
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CHAPTER 1. CUMULATIVE OXYGEN CONSUMPTION DURING
DEVELOPMENT OF TWO POSTHARVEST INSECT PESTS:
Callosobruchus maculatus Fabricius and Plodia interpunctella Hübner

Hannah E. Quellhorst1, Scott B. Williams2, Larry L. Murdock1, and Dieudonne Baributsa1
Department of Entomology, Purdue University, West Lafayette, IN
2
Spensa Technologies, INC., West Lafayette, Indiana, United States of America
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Abstract
Insect

pests

such

as

Callosobruchus

maculatus Fabricius

and

Plodia

interpunctella Hübner cause substantial losses to grain during postharvest storage. In the last few
years, hermetic storage technologies have been successfully used by smallholder farmers in
Africa and Asia to protect their harvested grain against insect pests. Hermetic technologies owe
much of their effectiveness to restricting oxygen availability to insects confined in the containers.
There is a need to better understand the biology of specific storage insect pests and their
responses to hypoxia. We employed a novel and non-invasive analytical technology, the
OxySense 5250i, to measure oxygen levels in closed containers, and evaluated its effectiveness
in measuring the total oxygen consumption of two insect pests during their development: C.
maculatus and P. interpunctella. The total amount of oxygen consumed by C. maculatus during
its larval development period determined with the OxySense 5250i was not different from that
previously recorded using the Mocon Pac Check 325 gas analyzer. Using the OxySense 5250i,
we found that P. interpunctella consumes nearly three times as much oxygen per insect over its
larval-to-adult developmental period compared to C. maculatus. Information on the lifetime
oxygen consumption of insects provides relevant information to the effectiveness and ability of
hermetic technologies to protect stored products against insect pests.
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Introduction
Cereal grains and legumes comprise the majority of the staple subsistence crops of
African farmers, accounting for 60 - 80% of the caloric intake (Awika, 2011). In West Africa,
these staple food crops are produced by smallholder farmers who intercrop cereals with legumes
such as cowpea with sorghum or millet (Singh et al., 1997). Despite efforts to increase
production, these smallholder farmers do not reap the full benefits of their harvested crops due to
losses during storage after harvest. Major postharvest insect pests such as Callosobruchus
maculatus Fabricius and Plodia interpunctella Huebner damage stored food crops by feeding on
the grain. This not only reduces the edible mass, but also damages the endosperm or seed germ,
resulting in a loss of grain quality and seed viability (Malek & Parveen, 1989; Santos et al.,
1990). Insect pests also contribute to secondary bacterial and fungal infestations (Sallam, 1999).
Hermetic technologies are viable and economical solutions to reduce postharvest storage
losses and improve food security. Hermetic technologies arrest gas and moisture exchange
between the internal and external environments. Living organisms that infest the grain, such as
insects and fungi, deplete the available oxygen and cause an increase in carbon dioxide levels
within the container (Bern et al., 2013). Low oxygen levels rather than high carbon dioxide
levels contribute to insect mortality (Bailey, 1965; Navarro et al., 1994). Insects living in low
oxygen environments depend on oxidative metabolism to generate the water they need for
growth and development (Murdock et al., 2012). Without oxygen, their main water supply is
blocked and their growth, development, and survival are arrested. In combination with reduced
oxygen availability, lower moisture content of the grain leads to an increase in the mortality of
the insects since the supply of water in this environment is very restricted (Navarro et al., 1994).
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Oxygen consumption by insects can provide insight into the effectiveness and ability of
hermetic technologies to protect stored products against major pests. The work of Murdock et al.
(2012), measured the cumulative lifetime oxygen consumption of C. maculatus using a Mocon
PAC Check® Model 325 Headspace analyzer. C. maculatus utilized approximately 8.9 ± 0.4 ml
of oxygen per insect from egg to emerging adult. It is important to understand how much oxygen
additional stored products insect pests need in order to complete their developmental cycle. The
Mocon PAC Check® Model 325 Headspace analyzer measurements used by Murdock et al.
(2012) involve puncturing an airtight container and removing a small air sample; this might be a
possible source of error, especially when multiple readings are taken. Thanks to advances in
technology, a non-invasive oxygen analyzer called the OxySense 5250i (OxySense, Las Vegas,
NV, USA) has come into use for measuring the oxygen content in bottles, packages, and sealed
containers.
Our objectives were to 1: assess the effectiveness the OxySense 5350i, a new and noninvasive technology, in measuring oxygen consumption; and 2: investigate the oxygen
requirements of P. interpunctella from egg to adult emergence.

Materials and Methods
All experiments were carried out in the Purdue Improved Crop Storage (PICS)
Laboratory at Purdue University (West Lafayette, IN, USA) in April and June of 2016, and April
of 2017. The experiments involving C. maculatus took 23 days to complete and the P.
interpunctella experiments took 45 days. C. maculatus were obtained from a colony maintained
in a walk-in chamber at 25o C and 40% relative humidity (R.H.). P. interpunctella were obtained
from the Stored Products Integrated Pest Management (IPM) laboratory at Purdue University. P.
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interpunctella were used to start new colonies in the PICS laboratory and were maintained on a
cracked wheat diet in the same walk-in chamber as described above.
The OxySense 5250i was used to assess oxygen consumption by individual insects. The
OxySense 5250i technology relies on a light sensitive oxygen sensor called the O2xyDot®. The
OxyDot - O2xyDot® contains a pigment that fluoresces under ultraviolet light. Oxygen quenches
the fluorescence in proportion to its concentration. When less oxygen is present the OxyDot O2xyDot® fluoresces more intensely. The OxySense 5250i reads and interprets this fluorescence
and displays a percentage value, which represents the oxygen level in a given volume. The
oxygen sensors (OxyDots) are first attached to the inside of the container prior to sealing and
then external measurements are made using the fiber-optic reader pen attached to the OxySense
5250i. Readings are taken by holding the fiber-optic reader pen over the OxyDot.
Measuring cumulative oxygen consumption from the egg stage to when the adult insect
emerges requires obtaining fresh eggs of known age. Approximately 200 unsexed C. maculatus
adults were removed from colony jars and allowed to oviposit on 200 cowpea seeds held in a
glass Ball® 16 ounce jar. C. maculatus adults were removed after two hours. Seeds with two or
more eggs initially had excess eggs scraped off using needlepoint tip forceps. The infested grain
was held in isolation for five days and left undisturbed while egg development occurred. Female
C. maculatus oviposit onto the surface of a seed leaving a translucent, elliptical egg. Five days
post oviposition, the embryo becomes sufficiently large enough that a black spot (black head
capsule stage) is visible. At this stage, it is possible to determine which eggs are viable. We
selected a random sample of the cowpea seeds and examined them under a microscope to
identify the presence of black head capsules. Forty cowpea seeds were selected that had one egg
per seed. Each of the forty seeds were then placed into separate glass bottles (500ml) pre-
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equipped with an O2xyDot® sensor on their inside surfaces and labeled accordingly. The bottles
were then sealed with a screw cap and the cap-bottle interface wrapped with ParafilmTM to
ensure an airtight seal.
To obtain fresh P. interpunctella eggs, 15 unsexed adult moths were removed from
colony jars and allowed to mate and oviposit in a breeding chamber. The breeding chamber
consisted of an inverted glass Ball® 16 ounce jar with a square of corrugated cardboard placed
inside. A mesh-screened lid was fitted onto the jar, along with a plastic deli cup container, which
was fitted around the jar lid. The breeding chamber was inverted with the deli cup at the base.
Female P. interpunctella oviposit eggs onto the surface of grain, but do not attach them to any
surface. In this arrangement, once oviposited, the eggs fall down through the mesh screen and
into the bottom of the deli cup. The larvae begin hatching in two to fourteen days (Rutschky and
Calvin, 1990). Due to the variability in larval hatching time, the plastic container was removed
from the breeding chamber and eggs were selected and examined under a microscope on day one
post-oviposition. Only eggs that were single, not adhering to other eggs, and had a firm and
healthy appearance were used. Once the one-day-old P. interpunctella eggs were collected and
put in glass bottles (500ml with 30ml of cracked wheat) pre-equipped on their inner surfaces
with an O2xyDot® sensor. Due to their small size, forty P. interpunctella eggs were selected
under a microscope and placed each in a 500ml- bottle using a size 8 paintbrush. As with the C.
maculatus bottles, the bottles were closed with a screw cap and wrapped with ParafilmTM to
ensure an airtight seal.
The OxySense 5250i instrument was used to determine the initial percentage of oxygen
present within each of the bottles. Readings were then taken every day until C. maculatus and P.
interpunctella emerged as adults. The cumulative oxygen consumption (total amount of oxygen
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consumed) in milliliters (ml) per insect was calculated with the following formula: ((initial O2
percentage – final O2 percentage)/100) x volume of the bottle. We then calculated the average
cumulative oxygen consumption (ml/insect) for both C. maculatus and P. interpunctella. The
average cumulative oxygen consumption was calculated by adding up the cumulative oxygen
consumption for each individual insect (replicate) and then dividing by the total number of
insects (n=22 for C. maculatus, n=36 for P. interpunctella). We also calculated the maximum
rate of oxygen consumption (ml/day/per insect), which is represented by the linear section with
the steepest slope of the sigmoidal or logistic model. Finally, we calculated the average daily rate
of oxygen consumption (ml/day/per insect) by dividing the average cumulative oxygen
consumption by the average number of days it took for all insects to complete development cycle
(from egg to adult emergence). A Mann-Whitney U test was used to compare the average
cumulative oxygen consumption of C. maculatus with Murdock et al (2012)’s original finding. A
Mann-Whitney U test was also used to compare the average daily rate of oxygen consumption,
the maximum rate of oxygen consumption, and the average cumulative oxygen consumption
between the two insect species (C. maculatus and P. interpunctella). The graph was created
using Sigma Plot 13 software (SYSTAT Software, Inc.; Point Richmond, CA).

Results
The average life cycle (from egg to adult emergence) was 22 days for C. maculatus and
37 days for P. interpunctella (Table 1). The average cumulative oxygen consumption obtained
by the Oxysense instrument for C. maculatus (egg to adult stage) was 8.3 ml per insect. By
comparison, the average cumulative consumption by P. interpunctella (26.9 ml/insect) was
significantly higher than that of C. maculatus (Mann-Whitney U Test: Z = 6.34; p-value <
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0.00001). The maximum rate of oxygen consumption for C. maculatus over a period of 8 days
(day 9 through 16) was 0.8ml/day, while P. interpunctella had a maximum rate of oxygen
consumption of 1.4ml/day over a period of 18 days (day 12 through 29) (Fig.1 & Table 1). The
results for maximum rate of oxygen consumption for the C. maculatus and P. interpunctella
were not significantly different (Mann-Whitney U Test: Z = 1.75; p-value = 0.08012). The
average daily rate of oxygen consumption for C. maculatus was 0.4 ml over a period of 22 days
while that of P. interpunctella was 0.7ml over a period of 37 days (Fig. 1 and Table 1). There
was no significant difference between the average daily rate of oxygen consumption for C.
maculatus and P. interpunctella (Mann-Whitney U Test: Z = 1.22; p-value = 0.22246).

Discussion
In the present study, the OxySense 5250i allowed for the successful measurement of
cumulative oxygen consumption by individual C. maculatus. Results were in good agreement
with results reported using the Mocon PAC Check® Model 325 Headspace analyzer (Murdock et
al., 2012). No significant difference was observed in the data collected using the OxySense
compared to the Mocon. With our success in corroborating Murdock et al.’s (2012) result
together with our observations with P. interpunctella, we have demonstrated that the OxySense
5250i can be reliably used to measure the oxygen consumption of individual storage insect pests.
The present study is the first to measure cumulative oxygen consumption by individual insects
using the OxySense 5250i. Several other studies have used the OxySense to measure oxygen
levels related to reproductive behavior of female C. maculatus and maize grain quality and
aflatoxin accumulation under hermetic conditions (Tubbs et al., 2016; Yan et al., 2016). The
OxySense has also been used in conjunction with acoustic studies of feeding behavior of
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Sitophilus oryzae (L.) (Njoroge et al., 2017). It is important to note that the trends observed in
oxygen depletion using the OxySense under the same environment are not different from those
observed using the Mocon (Martin et al., 2015; Williams et al., 2017).
It is not surprising that different insect species have different cumulative (lifetime)
oxygen consumption requirements. As shown here, P. interpunctella requires much more oxygen
to complete its development (26.9ml vs. 8.3ml) than does C. maculatus. This is expected as P.
interpunctella has a larger body mass, a longer developmental cycle, and is an externally feeding
pest that moves a lot as it grows and develops. To our knowledge, the majority of past studies
have focused on short-term oxygen consumption (Emekci et al., 2002) and ours is among the
first to look at lifetime cumulative oxygen consumption.
We observed similarities between the two insect species as it relates to the rate of oxygen
consumption and the trend of oxygen consumption over time. The rate of oxygen consumption
reaches the maximum on day 12 for C. maculatus and follows a logistic model. A study by Birch
(1947) measuring the rate of oxygen consumption (mm3/insect/hour) of Calandra oryzae (L.)
and Rhyzopertha dominica (Fab.) found that the rate of oxygen consumption rises as the larvae
develop, reaching its maximum at the start of the pre-pupal stage, and finally dropping sharply
during pupation. The time of the 2nd and 3rd instar (day 1 – 8) as well as the pupal stage (day 14 –
19) has been approximated for C. maculatus (Murdock et al., 2012). Our results also suggest that
C. maculatus attains the maximum rate of oxygen consumption during the pre-pupal stage. The
rate of oxygen consumption for P. interpunctella reached the maximum on day 26. Silhacek and
Miller (1972) reported that P. interpunctella at 30oC and 70% R.H. began the pupal stage around
day 15, and emerged as adults on days 18-19. In our study, the life cycle of P. interpunctella was
much longer, likely due to the lower temperature and R.H. of our experiments.
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We found the average daily rate of oxygen consumption for C. maculatus to be 0.4
ml/day. C. maculatus began to show detectable oxygen use on day 9 (Fig. 1 and Table 1).
Guedes et al. (2003) provided a similar model for the respiration rate (O2/larvae/day) of C.
maculatus from day 0 – 7 as reported in this study (Figure 1). The average daily rate of oxygen
consumption for P. interpunctella was 0.7 ml/day. P. interpunctella began to exhibit detectable
oxygen use on day 12 (Fig. 1 and Table 1). Thus P. interpunctella used oxygen at a rate nearly
twice as fast as C. maculatus. Even so, the average daily rates of oxygen consumption for both
insect species were not significantly different (Table 1). Ultimately, our findings on the average
daily rate of oxygen consumption by C. maculatus and P. interpunctella confirm previously
reported trends in insect oxygen consumption.
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Figure 1. Average oxygen consumption of C. maculatus and P. interpunctella over time, as
determined using the OxySense 5250i instrument. 
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Table 1. Average life cycle, average cumulative oxygen consumption, maximum rate of oxygen
consumption, and average daily rate of oxygen consumption, by the C. maculatus and P.
interpunctella. Means were compared using the Mann-Whitney U test. Means followed by the
same letter in the same column are not significantly different (P<0.05).
Avg. cumulative

Max. rate

Avg. daily rate

oxygen

oxygen

of oxygen

consumption

consumption

consumption

(ml/insect)

(ml/day/insect)

(ml/day/insect)

22

8.3 ± 0.3a

0.8 ± 0.1a

0.4 ± 0.2a

37

26.9 ± 0.7b

1.4 ± 0.3a

0.7 ± 0.3a

Z = 6.34;

Z = 1.75;

Z = 1.22;

p < 0.00001

p = 0.08

p = 0.22

Avg. Life
Insect

Cycle
(days)

C. maculatus
(n=22)
P. interpunctella
(n=36)
Mann-Whitney U Test
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CHAPTER 2. THE EFFECT OF POPULATION SIZE AND
TEMPERATURE ON THE RATE OF OXYGEN CONSUMPTION BY
Callosobruchus maculatus Fabricius DURING HERMETIC STORAGE
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Abstract
Hermetic storage of legume crops by smallholder farmers is done under a range of
temperatures and differing initial insect infestation levels. Using 500 ml sealed glass bottles, we
assessed (1) the effect of two different temperatures (25 and 35°C), and (2) three population sizes
(25, 50, and 100 insects) on the rate of oxygen consumption by C. maculatus. Using an oxygen
analyzer we measured the oxygen consumption under controlled environment. The average daily
rate of oxygen consumption was not different among insect population groups at the same
temperature. We found that the rate of oxygen consumption roughly doubled with a 10-degree
increase in temperature, independent of the number of insects present. The time (days) it took to
deplete the oxygen level to 5% for the insect population groups (25, 50, and 100) at 35°C was
nearly double the time compared to those at 25°C. Ultimately, hermetic technology is effective
for safely storing grain regardless of the range of temperatures and the size of the insect
infestation.

Introduction
Cowpea or black-eyed pea (Vigna unguiculata (L.) Walp.) is the most economically
important legume in Africa (Gomez, 2004). Some 5.3 million metric tons are produced annually,
with 87% of the cowpea crop produced by only three countries: Nigeria, Niger, and Burkina
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Faso (Murdock and Baoua, 2014; FAO, 2017). The cowpea crop is important for smallholder
farmers because it is high in protein and is able to grow under severe dry conditions, even with
minimal rainfall of 300mm per year (Gomez, 2004). Cowpea also serves as a source of fodder
for livestock as well as being a source of income for smallholder farmers (Gomez, 2004).
Insect pests are a major factor causing low cowpea yields in the field as well as serious
postharvest losses (Jackai et al., 1986). The cowpea bruchid (Callsobruchus maculatus
Fabricius) is the major pest of cowpea during storage. The females are prolific and can rapidly
lay up to 100 eggs (DAF, 2013). Adults do not feed and often infest the crop while it is still in
the field, where they will lay eggs on the drying beans or bean pods and then die in 10 to 12 days
(DAF, 2013; Yan et al., 2016). During storage, the larvae develop internally and often go
undetected until the adults emerge approximately 30 days later. Lastly, the cowpea bruchid
tolerates a wide range of temperatures and humidity, making it adaptable to a range of climates
(Beck and Blumer, 2014). These life history traits make the cowpea bruchid difficult to detect
and control.
Damage caused by the cowpea bruchid falls into two categories: direct and indirect.
Direct damages are losses that can be further broken down into two groups: quantitative and
qualitative damages. Quantitative losses are those that occur due to feeding by the insect and are
reflected as weight loss. Qualitative losses may occur due to the presence of the insect and the
waste it produces. Indirect effects arise because the presence of the insect may lead to excessive
use of pesticides, which in turn may have harmful health effects on farmers and consumers
(Mason and Obermyer, Rev. 2010). Another indirect effect is in the marketplace, where insectdamaged grain is subject to price discounts. In efforts to reduce this discount, sellers often incur
the labor of hand-sorting to remove damaged grains.

25
Severe cowpea bruchid infestations can damage 100% of the stored grain and cause up to
60% weight loss of the stored crop within a few months (Kang et al., 2013). The storage
practices employed by smallholder farmers in developing countries are often inadequate and
don't ensure protection against major storage pests like the cowpea bruchid. The lack of effective
storage technology for grain storage and the absence of storage management practices often
force smallholders to sell their crop immediately. As a result, farmers receive low market prices
for the grain they produce (Tefera et al., 2011).
Hermetic storage is a viable and economical solution that provides effective insect
control at a low cost. Hermetic technologies work by eliminating the exchange of gasses in the
storage system. Insect pests and molds respire within the airtight system, which creates a lowoxygen, high-carbon dioxide environment (Williams et al., 2014). The hermetic environment
then prevents mold growth and insect damage, preserves moisture content and the germination
rate of the grain.
Hermetic storage is used by smallholder farmers under a range of temperatures and in
different climates: in the Sahel or lowland where daily temperature may be as high as 35oC or
above. Others use bags in areas where the environment is a bit cooler e.g. highlands. Also, due to
the elusiveness of the internally developing pest, C. maculatus, the degree of infestation at the
time of storage will also vary and is often an unknown. Often most farmers don’t store right after
harvest due to field and other activities – this further exacerbates the infestation of the cowpea
before storage. Given the increased use of hermetic technology by smallholder farmers comes a
need to understand the effects of factors such as temperature and insect infestation level and their
impact on the performance of the technology.
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Our objective was to determine the effect of temperature and insect population size on the
rate of oxygen consumption by C. maculatus during hermetic storage. By assessing oxygen
consumption by three populations of C. maculatus under two different temperatures in hermetic
conditions, we may gain a greater understanding on efficacy of hermetic storage to reduce
postharvest storage losses in the developing world.

Materials and Methods
We investigated the effect of (i) different temperatures (25°C and 35°C) and (ii) different
size populations (25, 50, and 100 insects) on the rate of oxygen consumption of cowpea bruchid
held under hermetic conditions. The temperatures and insect populations chosen for study
encompass the range climate conditions and varying initial infestation levels where PICS bags
are commonly used for grain storage (e.g. in Sub-Saharan Africa). All experiments were carried
out in the Purdue Improved Crop Storage (PICS) Laboratory at Purdue University (West
Lafayette, IN, USA) in April of 2017 and March of 2018.
Unsexed Callosobruchus maculatus were obtained from colony jars housed in a walk-in
Conviron Environmental Chamber (C710, Winnipeg, MB, Canada) kept at 28°C and 40% RH
inside the PICS laboratory. The insects were collected using a sieve and vacuum aspiration. All
experiments were carried out in Caron insect growth chambers (6025-1, Marietta, OH, USA).
Each temperature treatment (25°C and 35°C) was maintained in a separate growth chambers set
to 40% RH.
Due to the short lifespan of the adult cowpea bruchid (average about 12 days), newly
emerged (no older than 2 days post-emergence), unsexed adults were used. Four replicates of
each of the groups 25, 50, and 100 adult C. maculatus were collected the day the trial was set up.
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The three populations were put into separate bottles that had been filled with cowpeas and then
closed with screw caps, after which the bottles were sealed with Parafilm. We used 500ml glass
bottles for each experiment. To monitor oxygen levels within the bottles, each bottle was pre®
equipped with an OxyDot - O2xyDot sensor. There were also two controls: a full control (FC)
and an empty control (EC). The full control bottles were filled with cowpea grains and contained
no insects. This full control group was done to take into account the possibility that the cowpea
grain itself may respire. The empty control was a sealed empty bottle containing only air, and
was used to compare to the full control. Each trial for both temperatures (25°C and 35°C) and all
population treatments (25, 50, and 100 insects) were replicated 3 times.
We also carried out a trial to confirm the rate of oxygen consumption for one individual
C. maculatus adult. We selected 14 newly emerged and unsexed adult C. maculatus and placed
them into 25ml vials that had been filled with 10 cowpea beans. Each vial was pre-equipped with
®
an OxyDot - O2xyDot sensor, capped and sealed with parafilm.
The OxySense 5250i Oxygen Analyzer was used determine the initial percentage of
oxygen present in each of the bottles. For the first set of trials, readings were taken over the
course of four weeks, twice during the first day, then once daily for the next fourteen days, and
then once weekly for the last two weeks. For the second trial, which examined individual adult C.
maculatus oxygen consumption, oxygen readings were taken twice daily for the first day, and
then once daily for the next 7 days.
We calculated the average daily rate of oxygen consumption (ml/day/per insect) by first
converting the percent of oxygen measured in the bottles for each day to ml of oxygen. The
percent oxygen was converted to milliliters (ml) using the following formula:
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We then calculated the sum of all the replicates for each day and divided by the number of
replicates. We then found the difference between each day in order to find the ml of oxygen
consumed on each day. We then found the sum of the ml of oxygen consumed on each day and
divided by the number of days to calculate the average daily rate of oxygen consumption. We
also calculated the average number of days it took for each insect population level to deplete the
oxygen to the 2 and 5% oxygen level.
All data were analyzed using JMP®, Version 13.2.0. SAS Institute Inc., Cary, NC, 1989-2007.
An analysis of variance (ANOVA) was used to compare mean oxygen percentages on the day
the trial was setup and after 1, 5, 7, and, 14 days for both temperatures (25°C and 35°C) and all
insect population levels (25, 50, and 100). An ANOVA was used to compare the average daily
rate of oxygen consumption of C. maculatus adults at each insect population level, and the two
temperatures (25°C and 35°C); and the average number of days to reach the 2 and 5% oxygen
level. A Tukey’s HSD test was then used to separate the means within groups at the p < 0.05
level. All figures were created using Systat 13 and SigmaPlot 13 software (SYSTAT Software,
Inc; Point Richmond, CA).

Results
All insect population groups exhibited approximately the same level of oxygen (20%) in
the experimental bottles on the initial day and there were no significant differences (F6, 113 =
2.50; p = 0.03) (Table 2). On day 1, there were significant differences in the average oxygen
concentration (%) for the insect population groups (F6, 113 = 155.09; p < 0.0001) (Table 2 and
Figure 2). During day 1, the oxygen concentration (%) was consistently higher at 35°C compared
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to the lower temperature (25°C). This was the case for all three insect population levels. The
oxygen concentration (%) was lower with the larger populations than with the smaller, at least
after the first 24 hours. On day 5, there were significant differences in the average oxygen
concentration (%) for the insect population groups (F6, 113 = 539.04; p < 0.0001) (Table 2). On
day 5, both the 100-insect treatments at 25°C and 35°C, and the 50-insect treatment at 35°C had
fallen to less than 5% oxygen. On day 7, there were significant differences in the average oxygen
concentration (%) for the insect population groups (F6,113 = 442.63; p < 0.0001) (Table 2). By
day 7, all groups had reached this 5% oxygen level except for the treatment with 25 insects at
25°C. On day 14 there were significant differences in the average oxygen concentration (%) for
the insect population groups (F6,113 = 218.19; p < 0.0001),(Table 2). By day 14, mean oxygen
levels in all bottles had fallen below 5 percent in all but one treatment. At all time points tested
there was no significant difference between the two control groups (FC and EC), therefore they
were combined.
The average daily rate of individual insect oxygen consumption is reported in Table 3.
An ANOVA showed there were significant differences between insect population levels at the
two temperatures and the average daily rate of oxygen consumption (F6,451 = 25.48; p-value <
0.0001). A Tukey’s HSD mean separation showed there were significant differences between
the insect population groups (25, 50, and 100) at different temperatures (Table 3). However,
there were no significant differences among the population groups at the same temperature. We
also found that individual C. maculatus consumed oxygen at an average daily (0.21 ± 0.02ml)
rate that was similar to that of the average rate of individual insects in the 25, 50, and 100 insect
groups at 25°C (Table 3).
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The average time in days it took for each of the insect population groups (25, 50, and 100)
to reach the 5% and 2% oxygen level was reported in table 3 and represented in Figure 2 for 5%
by the horizontal line. There were significant differences between insect population levels in
regard to the number of days it took to reach both the 5% and 2% oxygen levels (F5, 45 = 136.84;
p-value < 0.0001; F5,66 = 153.59; p-value < 0.0001, respectively). A Tukey’s HSD mean
separation showed that the number of days it took to reach the 5% oxygen level for the 25 insect
group at 25°C was significantly different from the 25 insect group at 35°C. However, this was
not significantly different from the number of days it took for the 25 insect group to reach the 5%
oxygen level at 35°C compared to the 50 insect group at 25°C (6.6 days compared to 5.9 days).
The 50 insect group at 35°C took 4 days to reach the same oxygen level and this was not
significantly different from the 100 insect group at 25°C (Table 3 and Figure 2). At 35°C, the
100 insect group took 2 days to deplete the oxygen to the 5% oxygen level, and this was not
significantly different from the 100 insect group at 25°C. The findings were very similar in
regard to the time it took for the oxygen to be depleted to the 2% level. The 100 insect group at
25°C was not significantly different from the 100 insect group at 35°C, the 50 insect group at
35°C and the 25 insect group at 35°C.
At the conclusion of this study, we removed the grain from the airtight containers and
placed each group into non-hermetic containers. A few C. maculatus adults emerged from all
insect groups of 25 that had been kept at both 25°C and 35°C.
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Discussion
In the present study we found that the average daily rate of oxygen consumption by C.
maculatus, under hermetic conditions, roughly doubled with a 10-degree increase in temperature
(from 25°C to 35°C). The effect of temperature on the rate of oxygen consumption and
metabolic activity in stored products insects has been studied previously, under laboratory
normal atmospheric conditions, and revealed a direct correlation between temperature and the
rate of oxygen consumption. Chaudhry et al. (2002), who examined the effect of low
temperatures on the rate of respiration and uptake of phosphine in different life stages of the
cigarette beetle, Lasioderma serricorne (F.), found that the rate of oxygen consumption at 25°C
was more than twice the rate at 15°C (for both adults and larvae). He also found that lower
temperatures caused a decrease in the rate of oxygen consumption in L. serricorne. Nakakita and
Ikenaga (1997), who studied the action of low temperature on the physiology of Sitophilus
zeamais Motschulsky and Sitophilus oryzae (L.) (Coleoptera: Curculionidae) in rice, found that
as temperature decreased, the metabolic rate (respiration rate) also decreased. Higher
temperatures promote insect metabolism and respiration rates, which leads insects to consume
oxygen more rapidly. Our results are in basic agreement with findings of studies conducted on
other insects (Chaudhry et al., 2002 and Nakakita and Ikenaga, 1997).
In the present study we found that adult C. maculatus had approximately the same
average daily rate of oxygen consumption (ml/insect/day) at the same temperature, regardless of
the number of insect population size (25, 50, and 100). In an effort to validate the
aforementioned findings we measured the average daily rate of oxygen consumption for
individual C. maculatus. Individual C. maculatus consumed oxygen at approximately the same
daily rate at 25°C compared to the other insect groups at the same temperature (Table 3). Birch
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(1947) studied the respiration rates of adult Rhyzopertha dominica and Calandra oryzae. His
preliminary experiments using a varying number of insects from 10 to 40 per replicate indicated
that the rate of oxygen consumption per insect was independent of the number of insects present
in the replicate. A study by Kharel et al. (unpublished) likewise showed that the size of the
container or the available volume of oxygen did not affect the rate of oxygen consumption by
larval Tribolium Castaneum. Our findings are in agreement with these studies. Our results show
that while it is true that the more insects that are present in a given volume, the faster the oxygen
will appear to decrease, the actual rate of consumption per insect remains similar.
In the present study, we found that increased oxygen usage occurred with increasing
temperature across the insect population groups (25, 50, and 100), which resulted in a shorter
number of days to reach the 5% and 2% oxygen level at the higher temperature. We emphasize
the time (days) it took to reach the 5% and 2% oxygen levels for each treatment as they are the
oxygen levels at which insect activity begins to cease and mortality begins to occur. Oxley and
Wickenden (1963) reported that insect pests are killed when the oxygen concentration in
hermetic containers reach 2%. Calderon and Navarro (1980) report similar findings. A recent
study by Njoroge et al. (2017) documented the effects of hermetic storage on adult Sitophilus
oryzae (L.) (Coleoptera: Curculionidae) acoustic activity patterns and mortality. Under hermetic
conditions, there was little insect activity at 5% oxygen level; and all activities ceased
completely at the 2% oxygen level. These results indicate that insect mortality may be occurring
around the 2% oxygen level. While we were not able to verify the exact time until death for C.
maculatus, we found that O2 consumption diminished greatly in the 2-5% oxygen range.
We found that at 25°C the time (days) it took to reach the 5% oxygen level for a small,
medium, and large insect infestation was approximately 12 days, 6 days, and 3 days. The time
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(days) it took to reach the 5% oxygen level for the same population sizes at 35°C was nearly half
the time compared to those at 25°C (7 days, 4 days, and 2 days). This trend can be compared
with a few studies that focused on hermetic technology and its ability to control insect pests in
the field. In East Africa, field experiments with maize infested with Prostephanus truncatus
stored in PICS bags were carried out in Kenya (Njoroge et al., 2014). The oxygen concentration
was monitored over a 6-month period (January – July). It took approximately 3 months for the
oxygen levels in the bags to fall and approach the 5% oxygen level. During this time period, the
temperature hovered around 25 – 26°C. Another study (Ng’ang’a et al., 2016) in Kenya showed
similar results, it took approximately 2 months for the oxygen level to fall to 5% in PICS bags.
The grain was purchased from farmers and had already been infested with P. truncatus or
Sitophilus zeamais in the field. The temperature during the 2-month time period fluctuated
around 25°C. This can be contrasted with field experiments in West Africa with cowpea beans
infested with C. maculatus (Baoua et al., 2013). The oxygen concentration was monitored over a
4-month period. It took approximately 24 hours for the oxygen levels in the PICS bags to fall to
1-3% oxygen. The temperature during this time period was around 30-32°C. While infestation
levels may differ (high or low), field data confirms the trend of high temperatures speeding up
insect metabolism and respiration rates to deplete oxygen even faster under hermetic conditions.
Our laboratory findings are in agreement with those in the field
We observed a few C. maculatus emerging as adults from the 25 insect treatments at both
temperatures (25°C and 35°C) after the trials had ended and the grain had been removed from
airtight bottles and placed into mason jars with filter paper lids. We saw no emerging insects
from the 100 insect treatment groups. Regardless of hermetic conditions, the adult lifespan of C.
maculatus is very short. In a recent study by Yan et al., (2016) freshly emerged adult female C.
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maculatus kept at 25°C were all dead by day 9. Given the short lifespan of adult C. maculatus it
is likely that the living insects appearing were from developing larvae from eggs deposited by
the adults at the beginning of the experiment. This suggest that farmers should keep their grain in
sealed airtight containers for 4 weeks or more, especially if the initial infestation level is low. In
the case of a low infestation, the developing larvae may be able to survive but will eventually die
if hermetic conditions are maintained. Ultimately, hermetic technology is effective for safely
storing grain regardless of the range of temperatures and the size of the insect infestation.
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Figure 2. The trend in oxygen (%) usage for each insect population group in 500ml bottles at
both 25°C and 35°C, for 28 days. The 5% oxygen level is emphasized with the dashed black line.
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Table 2. Average oxygen concentration (%) in 500ml bottles on day 0, 1, 5, 7, and 14 for the 25,
50, and 100 insect groups at 25°C and 35°C.
Treatment

Oxygen concentration (%, mean +/-SE)
Day initial

Day 1

Day 5

Day 7

Day 14

Control

20.34 ± 0.04a

20.57 ± 0.61a

20.29 ± 0.09a

19.83 ± 0.08a

20.32 ± 0.62a

25 insects/25°C

20.38 ± 0.05a

18.67 ± 0.16b

13.30 ± 0.34b

11.77 ± 0.38b

4.28 ± 0.51bc

25 insects/35°C

20.35 ± 0.11a

18.07 ± 0.15bc

9.57 ± 0.72c

4.97 ± 0.45c

4.2 ± 0.48bc

50 insects/25°C

20.50 ± 0.07a

16.84 ± 0.31cd

6.54 ± 0.37d

3.28 ± 0.43c

1.8 ± 0.47c

50 insects/35°C

20.25 ± 0.08a

15.38 ± 0.23de

3.68 ± 0.56e

3.33 ± 0.56c

4.47 ± 0.85bc

100 insects/25°C

20.50 ± 0.04a

14.29 ± 0.50e

0.54 ± 0.13f

0.34 ± 0.07d

2.16 ± 0.63c

100 insects/35°C

20.20 ± 0.06a

8.45 ± 0.97f

2.83 ± 0.81e

4.27 ± 1.21c

6.38 ± 1.8b

F= 2.50;

F= 155.09;

F = 539.04;

F = 442.63;

F = 218.19;

p = 0.03

p < 0.0001

p < 0.0001

p < 0.0001

p < 0.0001

ANOVA

Means followed by the same letter in the same column are not significantly different (P<0.05).
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Table 3. Average rate of individual insect O2 consumption (ml/insect/day) for adult C. maculatus
(when reached at 5% O2 level) and time (days) required to reach 5% and 2% by the different
population groups in 500ml bottles at 25°C and 35°C.
Avg rate of individual
Treatment

insect O2 consumption
(ml/insect/day)

Time (days ± SE) to reach
5% oxygen level 2% oxygen level

1 insect/25°C
25 insects/25°C

0.21 ± 0.02A
0.24 ± 0.02A

12.3 ± 0.4A

23.1 ± 1.3A

50 insects/25°C

0.27 ± 0.02A

5.9 ± 0.2B

7.9 ± 0.7B

100 insects/25°C

0.28 ± 0.01A

2.9 ± 0.2CD

3.5 ± 0.2CD

25 insects/35°C

0.44 ± 0.04B

6.6 ± 0.2B

5.8 ± 0.3BC

50 insects/35°C

0.40 ± 0.04B

3.9 ± 0.4C

3.0 ± 0.3CD

100 insects/35°C

0.44 ± 0.06B

2.0 ± 0.2D

2.0 ± 0.2D

F= 25.48;

F= 136.84;

F= 153.59;

p < 0.0001

p < 0.0001

p < 0.0001

ANOVA

Means followed by the same letter in the same column are not significantly different (P<0.05).
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Abstract
Food security is a continuing challenge in Haiti, where the demand for food far exceeds
local production. As a result, Haiti imports nearly 50% of its food. Postharvest storage is a major
challenge and an often-neglected link in the value chain for cereal and legume crops in Haiti. We
sought to understand postharvest management practices of smallholder farmers and identify
causal agents of loss during drying and storage. This information would help to develop targeted
interventions to improve food security of smallholder farmers. We conducted our survey from
July – August 2017 and interviewed 214 farmers across three governmental departments (Ouest,
Centre, and Artibonite). Our results show that among the respondents: nearly 64% were male;
over 80% were over the age of 30 years; and about half with secondary school as the highest
level of education. Maize, and beans were the most reportedly grown and stored legumes and
cereals crops by the farmers. The average production for maize was 288kg and 88kg for beans.
Nearly 80% of the respondents store less than 100kg of these two grains (maize and beans).
Rodents and insects were the two most reported causes of loss during grain storage. Our results
provide preliminary insights into postharvest practices and potential interventions in Haiti.
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Introduction
Grains such as cereals, legumes, and oilseeds contribute the bulk (60-80%) of the world's
food calories and protein (Harris & Lindblad, 2011). However, traditional postharvest handling
and storage practices in developing countries are often inadequate, and lead to losses. An
estimated 20-30% of the grain can be lost postharvest due to insect pests alone (Tefera et al.,
2011). The main insect pests of stored grain worldwide are the maize weevil, Sitophilus zeamais
Motschulsky (Coleoptera: Curculionidae), the larger grain borer, Prostephanus truncatus Horn
(Coleoptera: Bostrichidae), angoumois grain moth, Sitotroga cereallela, Oliv. (Lepidoptera:
Gelechiidae) and the rice weevil, Sitophilus oryzae Linne (Coleoptera: Curculionidae) (Tefera et
al., 2011).
One of the most critical factors for successful grain storage is the moisture content of the
grain (FAO, 2011). If grain is not dried properly, the high moisture content could lead to fungal
growth, increased insect activity and respiration of the grain, and early germination of the grain
(FAO, 2011). Aflatoxin-producing fungi pose a threat to the health of the consumer.
In many developing countries such as India, the majority of cereal and legume crops
are stored in traditional structures (e.g. clay pots, polypropylene bags, mud and straw bins and
granaries, and woven baskets) (Kumar and Kalita, 2017). These storage methods cannot
provide adequate protection of the crops against major storage pests. Farmers are therefore
forced to choose between selling their crop right after harvest while the market is flooded and the
price is low, or losing their unprotected crop due to pests and molds during storage. Farmers
often sell low and then buy back at a much higher price several months later (Affognon et al.,
2015).
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While most of the focus on improving food security has been directed toward increasing
food production, one often overlooked key to solving this problem is reducing food loss and food
waste (Affognon et al., 2015). Reducing cereal and legume losses caused by insects, fungi,
microorganisms, and rodents during storage can significantly increase available food supplies
(Harris and Lindblad, 2011) and have the same effect as putting more land into production
(Murdock and Baributsa, 2018). This is not a new idea. In 1974, the Seventh Special Session of
the United Nations General Assembly resolved to bring about the reduction of postharvest food
losses in developing countries by at least 50 percent by 1985. However, even with increased
international awareness of the issue of postharvest food loss and waste, there is still a long way
to go.
Haiti appears to be one such country where reducing postharvest losses could greatly
improve food security. According to a 1956 assessment, annual losses of stored wheat, maize,
rice, and oats in Haiti were estimated at about 47% (Parkin, 1956). Haiti is a food-deficit country:
50% of the country’s food is imported and food prices continue to rise due to recent natural
disasters (WFP, 2018). In October 2016, Haiti was hit by a category 4 hurricane. Post-disaster
need assessment estimated that 2.1 million people were affected by Hurricane Matthew, with
806,000 individuals severely food insecure (OCHA, 2016). In addition, in 2015/2016 Haiti
experienced one of the worst droughts in 35 years (USAID, 2018). The average land holdings of
farmers are less than 1 hectare (IFPRI, 2012). Eighty percent of farms fail to produce enough to
feed their households (IFPRI, 2012).
The government of Haiti and development agencies have tried to intervene to address
issues related to food security. However, there are few known interventions that focus on
addressing issues related to postharvest management and storage. Maize, sorghum, beans, and
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rice are among the most important and widely cultivated grains in Haiti (Sebrell et al., 1959).
There is a crucial need to reduce postharvest losses of these staple food crops in Haiti. In
2013/2014 the United Methodist Committee on Relief (UMCOR) in conjunction with USAID,
worked to improve postharvest storage in the Cul-de-Sac Plains (PMA, 2014). The Cul-de-Sac
Plains is an area of Haiti that is close to the capitol city, Port-au-Prince. This area is where 80%
of the country’s economic activity takes place (PMA, 2014). UMCOR led agricultural trainings
in the area and provided silos and humidity meters (PMA, 2014) A photo of the silos can be
found in Appendix A.
Hermetic storage technologies such as Purdue Improved Crop storage (PICS) bags have
yet to be introduced broadly into Haiti and the Caribbean. Currently, only a very small number of
PICS bags have been distributed around the country. PICS and other hermetic technologies hold
promise for (i) reducing grain losses due to insects and mold, (ii) being adopted by smallholder
farmers given that they were developed to meet their needs. A necessary step to reduce
postharvest loss of grains in Haiti is to assess of the postharvest management practices of
smallholder farmers. By identifying the causal agents responsible for postharvest losses of
important cereal grain and legume crops, we may be able to identify and introduce targeted
solutions and technologies to reduce these losses. As far as we are aware, there are no recent
studies that have surveyed postharvest management practices among farmers in Haiti. This
research was aimed at documenting postharvest management practices in Haiti and provides
insights into potential interventions to mitigate crop losses during drying and storage.
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Materials and Methods
We conducted a survey to collect data on postharvest management of smallholder farmers
in Cul-de-Sac Plain, spread across three governmental departments (Ouest, Centre, and lower
Artibonite) in Haiti. The Cul-de-Sac Plain was chosen because it is the most important
agricultural area in the country. Most of the agricultural produce consumed in Port-au-Prince as
well as a considerable part of export crops from Haiti are grown in this plain. A map of the
survey area can be found in Appendix B.
To identify our interviewees, we contacted farmers’ associations located in each of the
three departments through the president of associations and requested a random sample of at
least10 farmers per association. We targeted a minimum of 200 farmers for our survey, which
took place over a period of 19 days (July to August 2017). The survey was developed in English
and then translated in Haitian Creole. Four enumerators were hired to conduct the interviews.
Before the survey, the enumerators reviewed the questionnaire and conducted a pre-test. This
helped familiarize the enumerators with the questionnaire and ensure the validity of the questions.
The survey was administered using a data collection tool called Kobo Toolbox (Harvard
Humanitarian Initiative, Cambridge, MA, USA). The data collection application, KoBo Collect,
was downloaded onto Android tablets. It allowed us to collect data in the field without internet
connection and then upload it electronically to a secure server once we had access to internet.
The survey has open and close-ended questions. A photo of the enumerators surveying a
women’s farmers’ association can be found in Appendix C. Responses were collected from 214
farmers of whom 80 from Ouest department, 63 from Centre department, and 71 from lower
Artibonite department. Data collected included: (i) types of grain produced, (ii) storage and
drying techniques, (iii) pesticide usage, (iv) pest problems (insects, rodents, mold), (v)
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postharvest losses of maize and beans, (vi) market prices for grains at different times after
harvest, (vii) the biggest challenges/needs as perceived by each farmers’ association, and (viii)
gender roles associated with crop production, storage, and marketing. A full questionnaire of the
survey can be found in Appendix D.
Field data was downloaded from Kobo cloud server into Microsoft Office Excel 2011
and cleaned and coded. Descriptive statistics were calculated (frequencies, cross tabulation)
using SPSS, IBM Statistics (Year, etc.). For each question, the percentage of respondent is
presented for each department (Ouest, Centre, and lower Artibonite) and the overall percentage
for the 214 farmers surveyed. Those who did not respond were considered missing value.

Results
Most respondents were male (63.6%); however the gender ratio was closer to equal in the
Ouest department with 48.8% of the respondents being female (Table 4). The majority of farmers
were over the age of 30 (81.8%). Across the 3 departments, middle-aged farmers (31 to 50 years)
made up 48.6% of respondents. 48.6% of the respondents reported secondary school as their
highest level of education, with 18.2% reporting no formal education at all. Farmers in Haiti
were nearly split equally between married and single individuals (46.3% single; 47.7% married).
The remaining respondents were either widowed or divorced/separated (5.5% and 0.5%,
respectively). The large majority of the respondents (93.0%) reported agriculture as their main
economic activity (Table 5). Over half (55.6%) of the farmers reported owning/renting less than
1.3 hectares (ha) of land, followed by 2.6 to 3.9 ha of land (reported by 39.7% of respondents).
Most farmers reported maize as the main crop (91.6%) along with beans (88.3%), followed by
sorghum (34.1%), rice (29.0%) and peanuts (18.7%). The majority of the farmers reporting

46
peanuts as a crop were located in the Centre department (39.7%). Among farmers producing
maize: 55.3% produced 100 to 500 kg; and 34.8% produced less than 100kg (Figure 3). For
beans, 50.3% of farmers produced 100 to 500kg; and 44.4% produced less than 100kg (Figure 3).
Nearly all farmers (98.5%) in all departments reported drying their grain in the sun
(Table 6). The most commonly used method involved drying on a mat/tarpaulin (39.9%). The
most significant challenge to drying was rain (79.5%), followed by a lack of drying space
(36.9%), and contamination due to dirt and other materials that may get onto the grain (21.0%).
The major sources of grain losses during drying were: insects (78.3%), rodents (52.2%), and
decay related to moisture content and mold present in the grain (47.1%). Problems caused by
birds and other animals were reported by 64.4% of the farmers (Figure 4).
The great majority of farmers (93.0%) reported storing grain after harvest. The most
common storage container was sisal sacks (83.4%), followed by barrels/metal drums
(41.2%)(Table 7). The percentage of respondents storing in barrels and buckets was much lower
in Artibonite compared to the other departments. As to where the grain is stored, over half of the
respondents reported storing their grain in a room in the house (87.4%), followed by metal silos
outside (17.1%) and in the tops of trees (15.6%). The percentage of farmers reporting storage in
silos was much higher for the Ouest department (26.3%). The percentage of farmers reporting
storage in the tops of trees was much higher for the Centre department (37.3%). For maize, 75.7%
of the farmers reported storing less than 100kg of grain (Figure 5). Over half (77.8%) of those
growing beans reported storing less than 100kg (Figure 5). Duration of maize storage was less
than 6 months for 68.4% of respondents. The duration of storage for beans was less than 6
months for 85.9% of respondents. Just over half (55.8%) of the farmers used chemical products
to control pests during grain storage. Of the other half, 14.1% used natural products (plant
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extracts) and 28.1% did nothing to control pests during storage. Of those who did not report
using chemical products during storage, 49.0% said they did so because they were concerned
about toxic/health problems (Figure 6). Nearly 60% reported the products were either not
available or there was no information on how to properly use them as well as where to find them
(Figure 6). Most farmers (77.2%) reported rodents as a major source of grain loss during storage,
followed by insects (56.9%)(Figure 7).
Of the respondents in all departments surveyed, 66.4% reported that the male in the
household owns/rents the land (Table 8). Just over half (53.7%) of the farmers reported that
females were responsible for drying grain after harvest, followed by 31.7% who said that both
male and female were responsible for this task. For the task of storing the grain, 49.2% said that
the females of the household store the grain, with 31.2% reporting both male and female were
responsible. For maize, 88.2% of the farmers reported that the females of the household were
responsible for taking the grain to the market. For beans, 90.6% reported that the females of the
household were responsible for taking the grain to the market.

Discussion
The present study sheds new light on the postharvest management practices for the main
cereal and legume crops grown by smallholder farmers in Haiti. All respondents rely heavily on
agriculture for their livelihoods. Our findings are similar to those of Baro (2002), who found that
agriculture accounted for nearly 90% of the livelihoods for households in northwestern Haiti.
Though most of the respondents rely on agriculture, the land available to each farmer for
agricultural activities is scarce. There has been a reduction in land size by half. In 2003, the
average plot was reportedly 2.7 hectares, with 92% of the holdings used for crops and the
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remainder used for housing and livestock (Dolisca et al., 2007) compared to only 1.3ha currently
owned/rented. Now, average land holdings of farmers are less than 1 ha (IFPRI, 2012). Due to
the small land area farmed, farms/fields are often called gardens in Haiti. These data may be
compared to other countries such as Malawi, where 90% of total agriculture comes from
smallholder farmers who own less than 1 hectare of land (Tchale, 2009). The national average
yields for maize were 1.3 tons per hectare (1300 kg) in Malawi (Denning et al., 2009). Based on
discussions with farmers, the productivity in Haiti was low due to small farms as well as limited
access to inputs and technologies such as improved seed and fertilizers.
The majority of the respondents reported drying their grain in the sun on mat or tarpaulin.
Drying facilities or technologies are not existent. Farmers have drying challenges when there is
continuous rain during harvest. It should be noted that the project by UMCOR in 2013/2014
distributed 800 tarpaulins to 25 farmers’ associations in the Cul-de-Sac corridor (PMA, 2014). It
is likely that some of the associations we interviewed had received these resources. Many other
farmers would dry their grain in the field or on the side of the roads. Drying grain in the sun, on
bare ground predisposes it to mold and contamination that persists during storage (Mwangi et al.,
2017). These drying practices result in losses due to insects, rodents, birds and other animals, and
decay due to molds (Figure 4). Rains exacerbated these issues. The constant moisture and
humidity could encourage mold growth and decay.
Sisal sacks were the most widely utilized storage containers, which may be attributed to
the low cost of the bags as well as the fact that they provide mobility in the case of selling the
grain at market (Hodges, 2004). Sisal bags also promote drying during storage. Considering the
high humidity and the challenge of rain during the drying period, this may explain the high
number of farmers utilizing sisal sacks to store their grain. The use of barrels for grain storage
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was the next most utilized by the respondents (41.2%). The barrels (metal drums) utilized are
hermetic and often second-hand oil drums (NRI, 2014-2018). They are cleaned and may then
serve as a safe storage method and protect grain from insects and rodents. Typically the use of
bulk storage systems, such as silos, is uncommon. This may be due to the high cost of
constructing silos, maintaining and repairing the structures, and the large quantities of grain
needed initially to stock the silos to capacity (Mwangi et al., 2017). However, during the survey
we saw that the use of silos was more common than anticipated. This may be attributed to the
fact that 95 silos had been distributed to 25 agricultural farmers’ associations from the 2013/2014
UMCOR projects (PMA, 2014).
Most farmers reported storing small amounts of grain; an average of 87 kg of maize and
80 kg of beans each season. Most farmers are storing small quantity of grain due to low crop
production. It is possible that many farmers are selling grain right after harvest to earn cash. The
small amount of grain being stored may be kept for consumption and or seed for the next
planting. Many of the farmers we interviewed reported saving seed. Duration of storage was less
than 6 months for well over half of the respondents for both maize and beans. The farmers
appeared to store beans for slightly shorter times than maize. The duration of storage could be
linked to quantity stored and household needs such as cash and food/consumption. The duration
of storage for maize and beans could also be attributed to their “cash crop” status. Beans and
cereals are often sold in the market, while other crops are kept and consumed in the home (Baro,
2002). Most farmers intercropped beans and maize along with many others crops, including
plantains, potatoes, cassava, and leafy vegetables.
Insects and rodents were the two most important storage problems reported by the
farmers, as causing physical losses of grain (Figure 7). In the present study, rodents were the
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main cause of storage losses followed by insects. Studies in several countries in Africa have
found that rodents are major pests of stored products – coming before or after insects (Abdoulaye
et al., 2016; Edoh-Ognakossan et al., 2016). Ultimately, the importance of a pest to cause
damage during storage will vary from one country to another. The higher damage caused by
rodents in Haiti may be attributed to the inadequate storage facilities, close proximity of the
storage space to surrounding fields and poor store hygiene (Panti-May et al., 2012). Also, most
farmers used sisal sacks to store their grain. The use sisal and woven sacks to store grain often
draws mice and rats, as they are easy to chew into. Rodents not only pose a threat to the quality
of the grain but also consumer health because they are well-known vectors of disease (Cao et al.,
2002). Considering that many farmers reported insects as the major source of loss during the
drying process, it is likely that the insects present during storage infested the grain in the field
initially.
While we were not able to collect insect to identify the stored grain insect species present,
there is a brief paper by Smith and Audant, (1930) which reports a few of the important insect
pests in Haiti. They report Sitophilus oryzae L., Calandra granaria L., as being common in
stores of maize, and Tribolium confusum as being abundant in all grain stores. An extensive
checklist was also compiled by Perez-Gelabert (2008) for the Island of Hispanola (Haiti and
Dominican Republic). The following insect pests of stored grain were reportedly collected on the
island: Sitophilus granarius (Linnaeus, 1758), Sitophilus linearis (Herbst, 1795), Sitophilus
oryzae (Linnaeus, 1763), Sitophilus zeamais (Motschulsky, 1855), Bruchus pisorum (Linnaeus,
1758), Callosobruchus chinensis (Linnaeus, 1758), Acanthoscelides obtectus (Say, 1831),
Cryptolestes ferrugineus (Stephens, 1831), Orizaephilus surinamensis (Linnaeus, 1758),
Latheticus oryzae Watherhouse, 1880, Tribolium castaneum (Herbst, 1797), Tribolium confusum
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Jacquelin du Val, 1868, Sitotroga cerealella (Olivier, 1789), and Plodia interpunctella (Hübner,
1813).
Storage insects are believed to cause 20 – 30% loss for cereal crops like maize (Tefera,
2011). In order to combat storage pests, over half of the farmers in this study reported using
chemicals. These findings may be contrasted with data collected in Zambia and Malawi, which
found that over 70% of smallholder farmers used synthetic pesticides to control insect pests of
maize and beans during storage (Kamanula et al., 2010). The other half of respondents reported
using natural products such as plant extracts or simply doing nothing at all. Farmers who did not
report using chemical products during storage were concerned about their toxicity or health risks
(Figure 4). Pesticide use in developing countries poses many challenges due to lack of strict
regulations and farmers’ limited knowledge on their proper use (Snelder et al., 2008). Cases of
pesticide poisoning are known and can be attributed to using inappropriate chemical products,
incorrect dosage, timing and targeting of application (Snelder et al., 2008; Williamson et al.,
2008). All of these factors may increase the risk of pesticide poisoning and or associated health
risks, as perceived by the respondents in our survey. Finally, over half reported that pesticides
were either not available or there was no information on how to properly use them. Therefore,
many farmers may be receptive to non-chemical methods for protecting their grain, such as
hermetic storage technology.
The majority of those surveyed reported that the male in the household owned the land.
We found that women are involved in many postharvest tasks, including drying and storing grain,
and taking it to the market for sale. In the field, women sow seeds, weed and harvest the crop,
while men usually do clearing for land preparation, digging, and planting (Baro, 2002). Gender
affects individual’s role and decision-making in the household , and the distribution of resources
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(Welch et al. 2000). In general, our data suggests that Haitian women make substantial
contributions to the agricultural production system.
Our data reveal the need for more extension, research, and development activities to help
Haitian farmers reduce drying and storage losses, and increase food security. There is a need to
increase the productivity of farms in Haiti. This would have a significant impact on quantity of
grain stored- farmers are likely to store more if they produce more. On issues related to
postharvest management, there is a need to improve drying conditions- e.g. sheltered drying
spaces to allow grain to dry without the challenge of rain. Better storage technologies and
trainings on improved postharvest management may help mitigate storage losses. Access to
improved drying and storage technologies is a critical need for smallholder farmers in Haiti.
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Figure 3. The percentage of Haitian farmers reporting the quantities of
grain produced during a growing season. The sample size was 161 for those growing
maize and 148 for those growing beans. The respondents were allowed to choose only
one response.
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Figure 4. Percentage of Haitian farmers reporting losses during grain
drying attributed to insects, rodents, decay due to moisture and molds, birds,
animals, and theft. The sample size was 157 and the respondents were allowed
to choose more than one response.

55

50

Percent of Farmers

40

30

20

Maize
Beans

10

0
0-25kg

25-50kg

50-100kg 100-200kg 200-300kg 300-500kg 500-1000kg >1000kg

Kg of Grain Stored

Figure 5. The percentage of Haitian farmers reporting the quantities of
grain stored during a growing season. The sample size was 161 for those growing
maize and 148 for those growing beans. The respondents were allowed to choose only
one response.
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Figure 6. The percentage of Haitian farmers who did not use chemical
products to protect their grain during storage, reporting reasons for not doing so.
The sample size was 104 and the respondents were allowed to choose more than one
response.
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Figure 7. Percentage of Haitian farmers surveyed reporting losses during
grain storage attributed to rodents, insects, mold, theft, or no losses reported. The
sample size was 197 and the respondents were allowed to choose more than one
response
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Table 4. The Socio-Demographic characteristics of the respondents by department.
Department

Parameter

Total
Ouest

Centre

Artibonite

Gender

n = 80

n = 63

n = 71

n = 214

Female

48.8%

36.5%

22.5%

36.4%

Male

51.3%

63.5%

77.5%

63.6%

Age (years)

n = 80

n = 63

n = 71

n = 214

20 - 30

18.8%

19.0%

16.9%

18.2%

31 - 40

28.8%

22.2%

26.8%

26.2%

41 - 50

18.8%

23.8%

35.4%

22.4%

50+

33.8%

34.9%

31.0%

33.2%

Level of Education

n = 80

n = 63

n = 71

n = 214

None

22.5%

12.7%

18.3%

18.2%

Pre-School

10.0%

9.5%

1.4%

7.0%

Primary School

13.8%

14.3%

22.5%

16.8%

Secondary School

45.0%

52.4%

49.3%

48.6%

College

7.5%

7.9%

5.6%

7.0%

Literate

1.3%

3.2%

2.8%

2.3%

Marital Status

n = 80

n = 63

n = 71

n = 214

Single

35.0%

44.4%

60.6%

46.3%

Married

58.8%

46.0%

36.6%

47.7%

Widowed

6.3%

7.9%

2.8%

5.6%

Divorced/Separated

-

1.6%

-

0.5%
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Table 5. Principal economic activity, land size, and grain production by department.
Department

Parameter

Total
Ouest

Centre

Artibonite

Principal Economic Activity

n = 80

n = 63

n = 71

n = 214

Agriculture

91.3%

92.1%

95.8%

93.0%

Full-Time Employee

3.8%

6.3%

4.2%

4.7%

Trade

5.0%

1.6%

-

2.3%

Land Size

n = 80

n = 63

n = 71

n = 214

Less than 1.3 ha

48.8%

63.5%

56.3%

55.6%

2.6 – 3.9 ha

45.0%

33.3%

39.4%

39.7%

5.2 – 6.5 ha

-

3.2%

2.8%

1.9%

More than 6.5 ha

6.3%

-

1.4%

2.8%

Grains Produced

n = 80

n = 63

n = 71

n = 214

Maize

97.5%

93.7%

83.1%

91.6%

Beans

96.3%

77.8%

88.7%

88.3%

Sorghum

45.0%

44.4%

12.7%

34.1%

Rice

22.5%

28.6%

36.6%

29.0%

Peanuts

3.8%

39.7%

16.9%

18.7%

Millet

17.5%

-

-

6.5%

Soybeans

2.5%

-

-

0.9%
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Table 6. Drying practices and challenges by department

Department

Parameter

Total
Ouest

Centre

Artibonite

Drying Practices

n = 78

n = 60

n = 65

n = 203

Drying in the Sun

97.4%

100.0%

98.5%

98.5%

Drying in the Field

1.3%

16.7%

6.2%

7.4%

Drying in the House

1.3%

3.3%

1.5%

2.0%

Drying on the Ground

15.4%

5.0%

1.5%

7.9%

Drying on a Mat

16.7%

31.7%

29.3%

25.1%

Drying on a Tarpuline

11.5%

15.0%

18.5%

14.8%

Smoking

-

-

1.5%

0.5%

Drying Challenges

n = 73

n = 57

n = 65

n = 195

Rain

82.2%

78.9%

76.9%

79.5%

Lack of Drying Space

37.0%

42.1%

32.3%

36.9%

Contamination

17.8%

21.1%

24.6%

21.0%
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Table 7. Storage practices and pest control methods by department.

Department

Parameter

Total
Ouest

Centre

Artibonite

Storage Method

n = 76

n = 59

n = 64

n = 199

Sisal Sack

72.4%

88.1%

92.2%

83.4%

Barrel

56.6%

42.4%

21.9%

41.2%

Bucket

11.8%

5.1%

1.6%

6.5%

Polyethylene bag

-

1.7%

-

0.5%

Other

1.3%

1.7%

-

1.0%

Storage Place

n = 76

n = 59

n = 64

n = 199

Room in the House

76.3%

96.6%

92.2%

87.4%

Silo

26.3%

8.5%

14.1%

17.1%

Tree Tops

7.9%

37.3%

4.7%

15.6%

Family Store

-

-

1.6%

0.5%

Other

1.3%

3.4%

1.5%

2.0%

Duration of Storage (Maize)

n = 59

n = 54

n = 48

n = 161

Less than 3 Months

59.3%

20.4%

18.8%

34.2%

3 - 6 Months

25.4%

44.4%

33.3%

34.2%

6 - 9 Months

10.2%

22.2%

29.2%

19.9%

More than 9 Months

5.1%

13.0%

18.8%

11.8%

Duration of Storage (Beans)

n = 66

n = 35

n = 48

n = 149

Less than 3 Months

62.1%

37.1%

31.3%

46.3%

3 - 6 Months

27.3%

54.3%

45.8%

39.6%

6 - 9 Months

7.6%

5.7%

12.5%

8.7%

More than 9 Months

3.0%

2.9%

10.4%

5.4%

Pest Control Methods

n = 76

n = 59

n = 64

n = 199

Chemical Products

40.8%

74.6%

56.3%

55.8%

Natural Products (Plant Extracts)

18.4%

13.6%

9.4%

14.1%

Do Nothing

38.2%

10.2%

32.8%

28.1%

Other

2.6%

1.7%

1.6%

2.0%
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Table 8. Gender questions by department.

Department

Parameter

Total
Ouest

Centre

Artibonite

Who owns the land?

n = 80

n = 63

n = 71

n = 214

Male

61.3%

63.5%

74.6%

66.4%

Female

18.8%

15.9%

11.3%

15.4%

Both

20.0%

20.6%

14.1%

18.2%

Who dries the grain?

n = 80

n = 60

n = 65

n = 205

Male

3.8%

15.0%

27.7%

14.6%

Female

68.8%

53.3%

35.4%

53.7%

Both

27.5%

31.7%

36.9%

31.7%

Who stores the grain?

n = 76

n = 59

n = 64

n = 199

Male

9.2%

18.6%

32.8%

19.6%

Female

55.3%

50.8%

40.6%

49.2%

Both

35.5%

30.5%

26.6%

31.2%

Who sells the crop (Maize)?

n = 59

n = 54

n = 48

n = 161

Male

3.4%

7.4%

10.4%

6.8%

Female

91.5%

85.2%

87.5%

88.2%

Both

5.1%

7.4%

2.1%

5.0%

Who sells the crop (beans)?

n = 66

n = 35

n = 48

n = 149

Male

3.0%

-

12.5%

5.4%

Female

93.9%

91.4%

85.4%

90.6%

Both

3.0%

8.6%

2.1%

4.0%
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CONCLUSIONS

In chapter 1, the OxySense 5250i proved an effective method for measuring an insect’s
oxygen consumption. On average, Callosobruchus maculatus consumes 8.3ml of oxygen during
its lifetime. P. interpunctella consumes about 3 times (26.9ml) the oxygen of C. maculatus. Both
P. interpunctella and C. maculatus have similar average daily oxygen consumption rates.
In Chapter 2, the average daily rate of oxygen consumption for C. maculatus doubled
with a 10-degree increase in temperature. The average daily rate of oxygen consumption per
insect was the same regardless of the size of the insect infestation at the same temperature. The
number of days to reach 5% Oxygen level doubled as temperature decreased for C. maculatus.
Finally, it may be important to keep the grains in the airtight environment for longer than one
month especially when the size of the insect infestation in the grain store is low. This is because
low insect infestations may take longer to deplete all the oxygen and allow early insect stages to
continue their development.
In chapter 3, Haitian smallholder farmers relied heavily on agriculture for their
livelihoods in. Drying is a challenge along the supply and value chain for maize and beans.
Insects and rodents were the most important pests of the grains during drying and storage. Half of
the farmers are using chemical products to protect their grain, and over 25% are doing nothing at
all. These data suggest that farmers need sheltered spaces for drying especially during the rainy
season. Farmers may need humidity gauges to assess whether their grain is dry prior to storage.
Farmers need better storage technology to prevent insect and rodent damage during drying and
during storage. We see past interventions building or distributing silos, but if we look at our data,
farmers likely don’t have enough grain to use these facilities. There is a need to introduce smaller
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scale storage options such as hermetic bags. Overall, there is a need for research and development
as well as extension activities to help Haitian farmers reduce storage losses and increase food
security.
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Appendix A

A picture showing the silos distributed by UMCOR during the 2013/2014 project in Haiti.
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Appendix B

A Map of Haiti showing the governmental departments, as well as
the survey locations of this study. The first site, Kenscoff was the questionnaire test
site. Sites two through 9 are the locations where the respondents were interviewed.
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Appendix C

A photo of three enumerators interviewing female farmers in the Gantier area of Haiti.
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Appendix D

Survey Questionnaire used in Chapter 3:

Geographical Coordinate of the village: (automatic data)
Personal data
1. Location :
2. enumerator code:
3. Association code:
4. Date of interview :
5. Gender of the respondent :
 Male
 Female
6. Age of respondent:
 20 to 30 years
 31 to 40 years
 41 to 50 years
 50 years and more
7. Marital Status
 Single
 Married
 Widow/Widower
 Divorced/Separated
8. Level of Education
 None
 Literate
 Preschool
 Primary school
 Secondary School
 University
 College/polytechnic
9. What is your main income generating activity?
 Agriculture
 Trade
 Full-time employee (teacher, etc.)
 Others (manually specify)
Please specify your main activity
10. How many years of experience do you have in your activity?
 Less than 5 years
 Between 5 and 10 years
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 More than 10 years
11. Do you own the land you are working on ?
 yes
 no
12. How much land do you work on?
 less than 1.3 hectare
 2.6 to 3.9 hectares
 5.2 to 6.5 hectares
 more than 6.5 hectares
13. Does the man or the woman own the land in the household ?
 male
 female
14. Who is responsible for working the land ?
 male
 female
15. What crops do you grow ?
 Bean/legume
 Corn/maize
 Sorghum
 Soybean
 Rice
 Wheat
 Millet
 peanut
 Other (manually specify)
Please specify which crops you grow
16. Of the cereal and legume crops that you grow, which crop is the most important?
17. Why do you grow cereal and/or legume crops ?
 Subsistence
 for sale
 Other (manually specify) :
Please specify why you grow cereal and /or legume crops
18. Where do you get your seeds from ?
 own
 neighbor
 local market
 agro-shop
 other (manually specify) :
please specify where you get your seeds from
19. Who in the household is responsible for acquiring the seeds to plant ?
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 male
 female
20. In the past season’s harvest , did you save grain for use as seed?
 Yes
 No
21. If yes, for what crops (3 most important crops)?
A…………………………
B………………………
C…………………………
22. Who in the householde is responsible for saving the seeds ?
 male
 female
23. Have you had any losses due to insects during seed storage?
 Yes
 No
24. If yes, how many mammits (1 mammit = 5lb)did you lose ?
25. Do you have any losses during the grain drying period/process?
 Yes
 No
26. If yes, what are the sources of losses during the grain drying period/process?
 Decay
 Animals
 Theft
 Rodents
 Birds
 Insects
 Other (manually specify): ……………………….
Please specify the sources of losses during the grain drying period/process
27. What challenges do you face when drying your crop?
 Rain during drying
 Lack of drying space
 Contamination from dust
 Other (manually specify) :
Please specify the challenges you face when drying your crops
28. What are the most commonly used drying methods for the harvested grain?
 In the field
 Drying in the shade
 Drying in the sun
 Smoking
 Drying in the house
 On the ground
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Mat
Tarpauline
Other(manually specify) :

Please specify how the drying is done
29. Do you store the grain after harvest?
 Yes
 No
30. If no, why do you not store your grain after harvest?
 Not enough production
 Problem of insects
 Good price of the crop at harvest
 Sale to meet the needs of the household
 Others (manually specify)………………
Please specify why you do not store your grain after harvest
31. If yes, which storage container do you use to store your crops ?
 Sisal Sacks
 Polypropylene bag
 Plastic bags
 Buckets
 Barrels
 Clay pots
 Others (manually specify) :
Please specify which storage container you use
32. Who is responsible for storing the grain ?
 male
 female
33. Which storage places for harvested grain do you use most?
 Granaries
 Family Store
 Room in the house
 Tree tops
 Other (manually specify) :
Please specify the most used storage places for harvested grain
34. What is the primary method used for grain preservation?
 Do nothing
 Chemical pesticides
 Natural Products (Extract of plants)
 Hermetic Methods (airtight)
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Other (manually specify) :

Please specify the primary method used for grain preservation
35. If you use hermetic storage, which method do you use?
 Cans
 Metal drums
 PICS bags
 Other (manually specify) :
If you use hermetic storage, please specify which method you use
36. Which challenges do you encounter during crop storage ?
 Insect damage
 Mold damage
 Rodent damage
 Theft
 Other (manually specify) :
Please specify which challenges you encounter during crop storage
37. Do you notice holes in your grain during storage?
38. Do you notice insects crawling in/on your grain during storage ?
39. If you had damage due to insects during crop storage, please list the names of the insects.
40. What do you do when your grain is infested by insects and/or rodents, during storage ?
 Throw away
 Feed to livestock
 Sell
 Household consumption
 Others (manually specify):
Please specify what you do if your grain is infested with insects and/or rodents during grain
storage
41. Who in the household is responsible for managing the store of grain ?
 male
 female
42. What is the most important cereal and/or legume crop that you store?
A. Corn ……………………… (go to question 36)
B. Beans……………………… (go to question 45)
If corn is your most important crop how much did you store (kg)?
43. How much corn did you store (kg) ?
44. How much corn did you produce (kg) ?
45. How much corn did you purchase (kg) ?
46. How much corn did you sell (kg) ?
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47. How much corn did your household consume (kg) ?
48. How long do you store your corn (months) ?
 Less than 3 months
 3 to 6 months
 6 to 9 months
 More than 9 months
49. Who sells the maize ?
 male
 female
50. Who decides what to do with the money ?
 male
 female
51. What is your assessment of the quality of the corn?
 Bad
 Good
 Very good
52. Who in the household verifies the quality of the stored grain ?
 male
 female
53. What is the price of a bag of 100 kg of corn at the time of harvest ? ………..(in HTG)
54. What is the price of a bag of 100 kg of corn during the lean season?…………(in HTG)
If, beans are the most important crop,
55. How many beans did you store (kg) ?
56. How many beans did you produce (kg) ?
57. How many beans did you purchase (kg) ?
58. How many beans did you sell (kg) ?
59. How many beans did your household consume (kg) ?
60. How long do you store your beans (months) ?
 Less than 3 months
 3 to 6 months
 6 to 9 months
 More than 9 months
61. Who sells the beans ?
 male
 female
62. Who decides what to do with the money ?
 male
 female
63. What is your assessment of the quality of the beans when you sell them?
 Bad
 Good
 Very good
64. Who in the household verifies the quality of the stored grain ?
 male
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 female
65. What is the price of a bag of 100 kg of beans at the time of harvest? ………..(in HTG)
66. What is the price of a bag of 100 kg of beans during the lean season? ………… (in HTG)

Chemical management practices
67. Do you use the chemical products for grain storage?
 No
 Yes
68. If yes, to which crops do you apply chemicals ?
 Bean/legume
 Corn/maize
 Sorghum
 Soybean
 Rice
 Wheat
 Millet
 Peanut
69. Where do you buy the chemicals?
 Shops
 Markets
 Other, (manually specify) :
Please specify where you buy the chemicals
70. If no, why do you not use the chemicals?
 Not available
 Do not know how to use
 No attacks of insects
 Too expensive
 Not effective
 Toxic/harmful to health
 Not enough production to store
71. How do you see the challenges of this farmers association, postharvest?

End

